Montes, interpreted as the result of a lithospheric thickening, associated to a global compressional stress regime. In addition to compressional structures, Maxwell Montes displays younger extensional structures and magmatism at its summit. We present a numerical model to explore the main factors that may explain the chronology of compressional and magmatic events observed on Maxwell Montes. In particular, this study aims to quantify the process of destabilization of a thickened lithosphere by taking into account thermal and chemical instabilities. 
Introduction
Magellan altimetry data have revealed three major topographic highs on Venus, i.e., Beta Regio, Aphrodite Terra, and Ishtar Terra. From the interpretation of radar images, different scenarios of formation have been proposed. Beta Regio, where topography reaches 3 to 5 km and where volcanoes and extensional tectonic structures are present, is usually interpreted as a rift valley [Schaber, 1982; [Surkov, 1983; Surkov et al., 1986] . However, at depths greater than 50-70 km, basalt transforms into dense eclogite [Hess and Head, 1990] . Therefore a 110-km basaltic crust i s highly unlikely on Venus. In consequence, such mountain belts can only result from a global thickening of the lithosphere Ansan et al., 1994; Ansan and Vergely, 1995] .
Moreover, the internal regions of the mountain belts present extensional structures and magmatic rocks embaying valleys . The lack of water on Venus [Von Zahn et al., 1983] implies that magmatism results from the development of manrelic plumes, which is consistent with the associated extension. The study of the relative chronology of geological structures suggests that Maxwell Montes results from a compressional phase leading to lithospheric thickening, followed by an extensional tectonic phase and magmatism [Ansan eta!., 1994] . Such a scenario suggests that the destabilization of the thickened lithosphere has been strong enough to reverse the associated convective field from downwelling to upwelling.
In this study we investigate the modifications of convective structures under a thickened lithosphere and, more precisely, the effects on internal dynamics induced by lithospheric thickening. Indeed, lithospheric thickening creates an unstable cold root which can be recycled into the deeper mantle if the thickening occurs rapidly compared to the heating of the root from underneath [Houseman et al., 1981; Molnar eta!., 1993] . The replacement of the cold lithospheric root by hot asthenosphere would provide some magmatism [Houseman eta!., 1981] and produce uplift of the above rocks [England and Houseman, 1988, 1989 ].
Hansen and Phillips [1995] have proposed a mechanism for the formation of Ishtar Terra which includes thickening of mantle residuum and lower crust, in agreement with Magellan gravity and topography data. Chemical composition of the lithosphere also controls its stability [Christensen, 1991; Christensen and Holmann, 1994; Dupeyrat eta!., 1995] . Indeed, a depleted mantle layer stabilizes the lithosphere, whereas basalt/eclogite transformation enhances its recycling in the mantle [Dupeyrat and Sotin, 1995] . The chemical effects of depleted mantle, basalt and eclogite have been investigated by ,lull and Arkani-Hamed [1995] in a onedimensional conductive model. The aim of our study is the quantification of the evolution of a thickened lithosphere, taking into account both thermal and compositional aspects in a dynamical model. The stability of a thickened thermochemical lithosphere has been investigated by Lenardic and Kaula [1995] for the case of Tibet, considering two chemical components, light crust, and dense mantle. In our model, we have considered a more realistic lithospheric composition and structure, with an upper basaltic layer (crust) and a depleted mantle layer (lithosphere) over a primitive mantle layer (asthenosphere). Moreover, transformation from light basalt to denser eclogite is taken into account.
We will first present the model and the initial state of an instantaneously thickened lithosphere. Then we will do a comparative study of the evolution of purely thermal lithosphere and thermochemical lithosphere. We will explore the conditions required to obtain postthickening magmatism. thermal diffusivity (K=10 -6 m2/s) and the viscosity (xl= 10 2 l Pas), whereas the gravity field g is assumed to be 8.8 ms -2.
Such values provide a thermal Rayleigh number equal to 3.6x10 5. [Houseman et al., 1981] and that it does not generate a significant thermal discontinuity. For f<2 the smallest thermal discontinuity is always obtained for a critical depth of about 400 km +_ 30 km. The associated temperature jump increases with f and reaches an average maximum value of 1.5% for f-2. This thermal jump is more important in downwelling and upwelling. It reaches 7.7% in the downwelling, which is equivalent to a maximum local error in the thermal structure equal to 100 K, which is the same order of magnitude as the local spatial resolution in temperature. In our case, for a thickening factor equal to 1.5, the average thickness of the thermal interface lithosphere/asthenosphere Three cases are investigated, for which different categories of tracers are activated. In the first experiment, only thermal dynamics is studied, and passive tracers provide information only about localization of lithospheric rocks. In the second experiment, mantle and basaltic tracers are active, but the transformation from basalt to eclogite is not taken into account. In the last experiment, the transformation from basalt to eclogite is added to the previous case. The results of these experiments are compared, in order to evaluate separately the thermal and chemical effects of the different components in the recycling of the thickened lithosphere. Because our main concern is the evolution of a thickened lithosphere, we focus on the downwelling zones (Figure 3b ). We define a recycling ratio corresponding to the percentage of lithosphere tracers which have traversed a given depth, arbitrarly chosen as 450 km.
Fluid Mechanics Equations and Equations of
In the case of a purely thermal lithosphere, the recycling ratio increases linearly to 40% after 40 Myr. In the case of a depleted and basaltic lithosphere, the very low recycling ratio 
4.1.2.
Modelling of the mantle differentiation. The evolution of the thermal field controls the evolution of partial melting, which can produce new basalt and depleted mantle. In this study, we do not take into account this new production of crust and depleted mantle after thickening. One may argue that the production at upwelling zones of new depleted mantle and crustal rock should modify the dynamics of the whole mantle. But this effect is not significant for the temporal limits of this study because, during the maximum 120 Myr investigated, the quantity of new material produced is small and its influence remains located close to the upwelling. Moreover, this study focuses on the evolution of downwelling, which is not affected by differentiation processes in Venus. Whereas on Earth, water allows partial melting in the downwellings, the lack of water on Venus prevents such differentiation. 4.1.3. Instantaneous or evolutive thickening. In most cases, the lithospheric thickening results from global tectonic compressional stresses. Their effects on the lithosphere dynamics may be modeled by imposing the fact that velocity in the thermal equation depends on a strain rate related to compression [England, 1987 Taking into account the two opposite chemical buoyancies of depleted mantle/basalt and eclogite, the recycling time (about 20 Myr) is about 50% smaller than in a purely thermal case. Whereas in a purely thermal case, the thermal lithosphere recovers its initial thickness (160 km), in the thermochemical case, the thermal lithosphere stabilizes at an average value of about 180 km because of the great stability of the depleted layer [Dupeyrat et al., 1995] . Considering a chemical lithosphere, in the case of a thermochemical convection, the lithosphere tends to stabilize at its thickness before thicknening. In our model the basalt/eclogite transformation occurs instantaneously. In fact, Ahrens and Schubert [1975] suggest this transformation needs at least 100 My to occur in a dry medium. Under such conditions, our results obtained for a basaltic and depleted lithosphere are valuable during the first 100 Myr of the evolution.
Conclusions
In this study, dealing with the evolution of a thickened lithosphere, it appears that the dynamical effects induced by the basaltic/eclogitic and depleted composition of the lithosphere cannot be neglected. On one hand, the stabilizing effects of chemical buoyancy are enhanced by the lithospheric thickening as the local quantity of basalt and depleted mantle increases. On the other hand, as crustal thickening favors the transition of basalt in the deeper eclogite domain, new crustal instabilities are created, favoring root recycling. The competition between these light and dense components, added to the thermal effect controls recycling of lithospheric root. Our results show that under typical Venusian conditions, the root recycling may be twice as short for a thermochemical lithospheric root than for a purely thermal one, but there is less recycled material. This can be explained by the instability induced by the ongoing basalt/eclogite transformation and also by the stabilizing effect of the depleted lithosphere, which prevents recycling of a part of the root.
In addition to the control of lithospheric composition in root recycling, we have pointed out a possible scenario for Maxwell Montes to explain the succession of mountain formation in compressional state and magmatism. Because there is no water on Venus, both events would result from opposing dynamical features, namely mantle downwelling and upwelling. Such a transition may result from unsteady mantle dynamics. Our study shows that the magmatism may also be indirectly generated by the compressional events, considering both thermal and chemical aspects: when the depleted part of the recycled root reaches the base of the upper mantle, it becomes a diapir, which is deflected toward the mountain root and locally reheats it. In the case of a sufficiently hot Venusian mantle, this local reheating associated to the trapping of a partial melting zone between the mountain root and a new cold root created by eclogite instability may provide magmatism during some 20 Myr, about 100 Myr after the compressional event. This scenario may explain the formation and evolution of Venusian mountains like Maxwell Montes with a compressional phase followed by an extensional one, including volcanic events. Our model demonstrates that under Venusian conditions, lithosphere thickening could trigger late magmatism and extensional processes. We suggest that such a scenario could explain the relative chronology of compressional and extensional/magmatic events observed also on other planets.
